Abstract-Radiation dosimetry plays a crucial role in the quality assurance in radiotherapy. To date, this is limited to monitoring the overall dose over the complete beam time, and so, there is limited information on the actual beam quality. An optical fibre sensor is developed based on cerium-doped yttrium aluminum garnet (YAG:Ce) scintillator. The temporal resolution and the stability of this scintillator-based optical fibre sensor have been experimentally evaluated and directly compared with similarly fabricated sensors based on terbium activated gadolinium oxysulfide and commercial plastic scintillating fibre, BCF-12. The photon yield and repeatability of the YAG-based sensor are compared in the clinical setting with the BCF-12 sensor and both show a high stability. The coefficient of variation of the YAG sensor is 0.7%, which is lower than the BCF sensor with a coefficient of variation of 1.4%.
ensuring sufficient radiation delivered accurately to the tumour, while minimizing potential damage to surrounding healthy tissue [1] . Quality assurance procedures in radiotherapy are essential for minimising errors and ensuring the accuracy of the treatment delivery. Quality assurance of the radiotherapy equipment is critical. With increasing complexities of new radiotherapy delivery equipment, particularly in the case of external beam radiotherapy, the requirement for accurate monitoring of such equipment has never been more important. Existing radiation dosimeters are predominantly focused on providing information on the overall dose delivered in accordance with the prescribed dose. However, they do not provide information on the beam quality during radiation delivery, specifically the individual radiation pulses. Clinical linear accelerators (linacs) used for external beam radiotherapy deliver X-ray radiation in pulsed mode, with a typical pulse width of approximately 2-3µs and a pulse repetition frequency of between 25 Hz to 400 Hz depending on the dose rate and the model and manufacturer of the linac. Monitoring these individual pulses allows for more accurate monitoring of the quality of the linac beam output while also providing real-time information on the radiation dose.
It is crucial to develop a reliable, real-time,accurate, and repeatable dosimetry system. In the pastfew decades, measurements have been performed using several dosimetry systems based on a wide range of technologies, including ionization chamber (IC) [2] , metal oxide semiconductor field effect transistors (MOSFETs) [3] , thermo-luminescence dosimeters (TLDs) [4] , silicon diodes [5] , radio-chromic film [6] , electronic portable imaging devices [7] , diamond detectors [8] and optical fibre sensors [9] . However, in all cases, there remain challenges that have yet to be overcome, such as energy and temperature dependences, no real-time measurement capability. Many are also not suitable for small-field dosimetry, where the radiation field is less than 4 × 4 cm 2 , or in magnetic resonance (MR) environments, rendering them unsuitable for newer MR-guided linear accelerators [10] .
Optical fibre sensors, based on the principle of radioluminescence, offer a realistic potential solution for in vivo radiotherapy dosimetry, with advantages over conventional methods, e.g., small size, immunity to external electromagnetic interference as well as an ability to remotely monitor the radiation i.e., at a safe operating distance in the clinical control room. The scintillating material, also known as the scintillator is a key 0733-8724 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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component of the radio-luminescent sensor as it detects the incoming high energy radiation and converts it to visible light, suitable for transmission via a coupled optical fibre to a distal detector. There are a number of properties of the scintillator to consider, such as the conversion efficiency and scintillation yield, decay time and level of afterglow, density, atomic number, biocompatibility and cost. Currently, there is no single scintillator that can perfectly match the required system properties, so the choice of a specific scintillator is always a compromise of the above factors [11] . The use of scintillation based optical fibre dosimetry has been the focus of considerable research [9] , [12] . While much of this work has been focused on plastic scintillating dosimeters (PSDs) due to their near tissue equivalence [12] , inorganic scintillators have demonstrated their advantages in certain radiotherapy applications due to their considerably high light yield when compared to PSDs [13] . Previous work by Chen et al [13] has focused on the scintillator Terbium activated Gadolinium Oxysulfide (Gd 2 O 2 S: Tb, herein referred to as GOS). This has a very high yield efficiency (∼ 80000 / MeV) and a heavy density (7.34 g/cm 3 ) [14] , but its relatively high decay time (0.6 ms) makes it unsuitable for high temporal resolution detection systems. It, and many similar materials, e.g., Eu, La also exhibit a significant energy effect as it has a relatively high effective atomic number (Z ef f ), which means that the scintillating material-based sensor as a radiation dosimeter requires energy correction of the calibration to reference dosimeters. The effective atomic number of the scintillator GOS is 66.1 [15] , [16] , whilst the Z ef f of water, muscle, skin, fat and bone is 7.42, 7.42, 7.31, 5.92 and 13.8, respectively [17] , [18] . The radiation effect has a very strong dependence on the effective atomic number of the absorbed materials. In the case of high energy radiationmaterial interaction, e.g., X-ray with scintillator materials, the ionizing processes involved, namely Compton scattering and photoelectric effect, are strongly dependent on the Z ef f . As such, the high Z ef f contributes to undesirable phantom effects such as additional emission generated from scattered electrons arising from these processes. While this higher Z ef f gives a higher light yield, in clinical applications, these effects can also give rise to a distortion of the dose versus depth (below the tissue surface) relationship which is a potential source of interference for in-vivo dose measurement. The ideal dosimeter should have an effective atomic number as close as possible to water to avoid the need for energy correction. However, solutions to the issue of having a high Z ef f have been offered, for example, using multiple materials with different energy and dose-depth responses to compensate for errors in the principal scintillator's response [13] , [14] . The work of [14] has shown great promise in this direction, but the use of GOS type scintillators means that the response time remains limited to the ms range which is insufficient for accurate real time linac pulse monitoring (each pulse is 2-3 µs in duration).
As an alternative, the commercial plastic scintillating fibre BCF-12, with a low Z ef f ∼ 6.56 [17] , manufactured by Saint Gobain Crystal [19] has been widely investigated due to its relatively short decay time (3.2 ns). However, the light yield is extremely low (∼ 8000 / MeV) limiting its use for low dose and dose rate applications. Cerium doped yttrium aluminium garnet (Y 3 Al 5 O 12 : Ce (YAG:Ce)), with a Z ef f ∼ 31.28, has recently emerged as a possible alternative material to GOS and BCF-12 in radiotherapy applications due to its high yield (∼21000 / MeV [20] ) and acceptable decay time (70 ns).
In this paper, three sensors, based on three types of scintillators (YAG:Ce scintillating powder, GOS scintillating powder, and BCF-12 plastic scintillating fibre) have been fabricated and tested on site at the Galway Clinic, Ireland, using a clinical linear accelerator as the radiation source. Initial experimental test results obtained for all three sensors are presented and an analysis is performed to evaluate the performance of the YAG:Ce material against the two more established material. Previous work by the authors of this article [21] have applied the scintillating material to the fibre as a mixture suspended in epoxy. Although this approach could still be applicable for future use with the YAG:Ce powder, it was clearly not possible to do this for the BCF-12 fibre and the approach taken in this investigation ensured that a fair comparison of all materials was possible.
II. EXPERIMENTAL SET-UP
Figure 1(a) shows the schematic diagram of the optical fibre sensor, which consists of the scintillator material and plastic optical fibre. For all three sensors, a 15 mm long plastic polypropylene tube with 1.2 mm inner diameter, has been used to contain the scintillating materials, e.g., powder GOS, powder YAG:Ce or organic scintillating fibre BCF12. Each scintillating material is therefore completely encapsulated in its own tube and after the fibre was placed in position, the tube was sealed around the fibre using epoxy adhesive and no further alignment or splicing was necessary. The fabricated sensors are labeled as the GOS sensor, YAG sensor, and BCF sensor, respectively. In all sensor configurations, the length of the scintillating region is approximately 6 mm. The left end of the plastic polypropylene tube was sealed using epoxy (Evo-stik Epoxy Rapid Hardener and Resin) as shown in Figure 1 (a). The 1 mm diameter plastic optical fibre (POF) has been inserted into the tube from the right end and directly coupled to the scintillating material which is 30 m in length sufficient to transmit the signal back to the optical detector located in the control room. Figure 1 (b) is the YAG sensor, and the bottom one is the BCF-12 based sensor and the two in the middle are the blacked-out versions of the two, meaning that all environmental ambient light has been excluded. Due to the extremely high sensitivity of the MPPC, the optical probe tip of the sensors need to be completely protected from possible light leakage from ambient light. In this case, standard black insulating tape was used to prevent ambient light.
The distal end of the optical fibre was connected to a multi-pixel photon counter (MPPC: Hamamatsu MPPC module C13366). The MPPC, based on silicon photomultipliers, converts the visible light signal to an electrical signal with an internal electronic gain of 10 6 and is designed for detecting extremely low intensity light (lower than 1 fW) to potentially distinguish individual photons. It is capable of outputting separate analogue and digital signals. The MPPC module was connected to a Digital Storage Oscilloscope (DSO) to output the analogue signal providing a high temporal resolution, i.e., in the nanoseconds range, for a limited duration (20 ms, in the case of a sample interval of 20 ns). The MPPC was also connected to a computer, preloaded with the Hamamatsu proprietary data capture and visualization software, via a standard USB port. The software captured the digital signal and this was displayed graphically as photon counts as a function of time. The number of photons recorded (displayed) is a function of the in-built and pre-settable Photon Equivalent (P.E.) level, which sets the threshold light input levels for recording data. P.E. = 0.5, is the lowest valued setting (corresponding to single photon counting capability) and P.E. = 7.5 is the highest (i.e., registering one count when eight photons impinge at the MPPC sensitive pixels window simultaneously). Throughout the experiments of this investigation a P.E. value of 0.5 was used. The software also provides for a selectable gate time (the time interval over which the detector is exposed to the light for registering photon counts). In this investigation a gate time of 100 ms was used throughout.
The sensors were tested at the Galway Clinic Hospital (Ireland), on a Siemens artiste linear accelerator (linac). The linac is located in a proximal, but separate room to the control room with thick protective walls to absorb any scattered X-ray radiation to protect the operating and clinical staff. The two rooms are separated by a concrete chicane and interlocking safety doors. This means the distance between the patient and control room is approximately 20 m. The control room houses the control console module, for remote operation of the linac. Figure 2 shows schematically the experimental set-up in the clinical environment. The sensing elements (probe tips) of the fibre sensors were placed directly on the linac's treatment couch at a SSD (Source to Surface Distance) of 100 cm, with a beam field size of 10 × 10 cm 2 . Each sensor tip was placed in the same position, in the centre of the field, exposing approximately 5 cm of the optical fibre sensor to the radiation. A 20 m long 1 mm core diameter PMMA (Polymethyl methacrylate) optical fibre cable connected the sensor to the MPPC module in the control area, allowing for remote monitoring of the radiation, while keeping all electronic components away from the potentially harmful radiation environment. Each sensor was irradiated individually with the radiation parameters maintained constant for all measurements. This facilitates a direct comparison between the YAG sensor and the BCF-12 and GOS sensors. Due to the high accuracy required by such clinical machines, the linac beam is highly reproducible and closely monitored by internal sensors (typically an Ionization Chamber) during operation to ensure conditions are maintained constant. Each exposure was 100 MU (Monitor Unit) delivered with a constant dose rate of 500 MU/min and a nominal X-ray generator voltage energy of 15 MV. Under standard reference conditions one unit of MU is calibrated to equal a dose of 1cGy [22] . The linac delivers the X-ray radiation in a temporal pattern with a series of micro-pulses, of approximately 3 ± 0.2 µs duration and a pulse repetition frequency (PRF) of about 240 Hz.
III. RESULTS AND DISCUSSION

A. Decay Time With Data From Oscilloscope
In order to accurately profile the individual micro-pulses during the beam-on phase, it is imperative for the scintillators to have a fast decay time. The micro-pulses are typically 2-3 µs in duration depending on the linac manufacturer and model type. One of the primary constraints of GOS-based sensors for use in external beam radiotherapy dosimetry is its long decay time. Figure 3 shows the recording segments of the linac micro-pulses during the beam-on phase for the GOS (top), YAG (middle) and BCF-12 (bottom) based sensors, as captured by the DSO (sample interval ∼ 20 ns) within a 22 ms duration window. The insets of Figure 3 show a more highly time resolved version of one individual micro-pulse in each case.
The relatively long lasting glowing time of the GOS scintillator gives rise to a long afterglow 'tail' (typically 2-3 ms) during the X-ray beam off phase, and in some cases, the optical decay signal does not completely recover before the next micro-pulse is initiated. It should be noted that due to the highly sensitive photon detection capabilities of the MPPC, the afterglow "tail" is observed beyond the nominal decay time of 0.6 ms. The decay time refers only to the time taken to return to 1/e of the original scintillation signal. The relatively short decay time of the YAG and BCF-12 based materials (typically in the ns range) means that there exist negligible photon counts between pulses and the scintillating material fully recovers prior to the arrival of the next micro-pulse.
From the inset of the GOS sensor ( Figure 3 ) it is clear, that while the individual pulse is still evident, a significant optical signal remains for over the next few milliseconds immediately following the pulse and this is due to the long decay time and high afterglow of the GOS scintillator. This prohibits any averaging or integration method from determining the overall radiation dose. This accounts, at least in part, for the previously observed overestimation of the radiation dose in the case of the GOS based sensors. Due to the fast decay time of the YAG and BCF-12 sensors, accurate time-based capture of the individual micro-pulses is possible. It is clear from Figure 3 that the optical signal almost immediately returns to the background levels between pulses, allowing for more accurate monitoring of the radiation dose over the total beam-on period. Therefore, sensors based on scintillating materials with a fast decay time are best suited for real-time operation of radiation dose monitoring during radiotherapy treatment, particularly during linac Quality Assessment (QA).
From the insets of Figure 3 , it is noted that the pulse height of each sensor is similar, and the width pulses as recorded by each sensor are apparently longer compared the known pulse width of the linac (3 ± 0.2 µs). Whilst this error is not large, errors of this type can occur due to over exposure of the MPPC detector by the light micro-pulses. It also reveals that the decay time of the YAG scintillating powder is comparable with the BCF-12 material within the measurement resolution of the DSO (sample interval = 20 ns). Both decay time are considerably shorter than the GOS based sensor. Recently acquired results using pulsed LED input signals to mimic the sensor output confirm that an over exposure of light into MPPC potentially leads to artificially increasing the apparent pulse width of individual micro-pulse, but only by fractions of a microsecond. Whilst it is beyond the scope of this study to include details of those measurements in this article it indicates that care must be taken not to overexpose the MPPC detector which can be achieved using in line optical attenuation in the fibre or by setting the P.E. value to a predetermined and appropriate level. It also makes a strong case for simultaneously monitoring the digital (Software based) and Analogue (DSO based) signals at least until the full range of operating conditions have been characterized, i.e., input signal intensities for a wide range of operating parameters.
B. Comparison of the YAG and BCF 12 Based Sensor Outputs and a Comparison of the Analogue Output Signal of the MPPC Captured Using the DSO With Data From the Software
This section is focused on a comparison of the stability of the optical signal recorded using the YAG and BCF-12 based sensors. Due to the recording duration limitation of the oscilloscope, it was not possible with the current set-up to accomplish data acquisition even over as short a time window as 0.5 s with the necessary 20 ns sample interval. A single treatment pulse duration (as perceived by the patient) of X-ray delivery is normally at least 10 s during external beam radiation therapy. The supporting software developed by Hamamatsu is able to record the data as long as required but with a longer sample interval (lower time resolution), which corresponds to the gate time as defined earlier. The proprietary software allows the gate time to be varied in the range 1 ms to 100 ms, but a value of 100 ms was maintained throughout this investigation. Consequently, the pulse pattern is captured across a larger time scale (approximately 12 s in the case of Figure 4 ) but the captured signal is so greatly averaged that none of the features visible in Figure 3 are present. For the series of tests in this section the YAG and BCF sensors were irradiated using the X-ray under the same experimental conditions described in Section II. In this case, the results were captured from the MPPC connected to the PC rather than the oscilloscope. The Linac was set to deliver a total dose of 100 MU with a dose rate of 500 MU/min which gives rise to a single rectangular pulse of 12 s duration (Figure 4) . Figure 4 shows the signal captured by the MPPC module with a gate time of 100 ms, for both the BCF-12 and the YAG based sensors. As previously determined, the decay time of the GOS based sensor results in an overestimation of the signal when integrated over a long period of time (in this case 12 s), and so the comparison was limited to the BCF-12 and YAG based sensors. For each sensor the test was repeated ten times and the results of these repeated tests are presented as superimposed pulses in figure 4 .
To demonstrate the ability to monitor repeated dose profiles in succession, the radiation dose delivery of 100 MU was repeated over ten iterations for both sensor materials. Figure 5 presents the output captured from the 10 consecutive beam deliveries in real time. Although not presented in Figure 5 , this was further repeated 5 times to allow for accurate statistical analysis of the repeatability of the sensors. In Figure 5 , the red dashed line represents the output results of the YAG based sensor and the blue solid line the results from the BCF-12 based sensor. It is clear from Figure 4 and Figure 5 , that the YAG based sensor offers a considerably higher photon count at 0.5 P.E. level to the BCF-12 based sensor. The mean output signal (intensity counts) for each count value of the pulse during the beam on phase for all measured pulses (10 repetitions of the individual pulse, plus 50 pulses from 10 consecutive beam deliveries repeated 5 times) was 31385 ± 223 and 3594 ± 51 photon counts for the YAG and BCF-12 based sensors, respectively. In both cases, the sensors offer excellent repeatability over a total of 60 deliveries, with a coefficient of variation of 0.7% and 1.4% for YAG and BCF-12 based sensors, respectively. The initial overshoot in the optical signal when the beam is turned on, is a feature of this Siemens Artiste linac.
IV. CONCLUSIONS
A novel optical fibre radiation sensor based on scintillating material has being developed for use in external beam radiotherapy dosimetry. Cerium doped yttrium aluminum garnet (YAG:Ce) was evaluated for its suitability as the scintillating material in this application. Three types of the optical fibre based dosimeters comprising three different materials (one from previous investigations) using a clinical Siemens Artistic linear accelerator at the Galway Clinic, Ireland. The YAG:Ce based sensor was compared with the previously tested terbium doped gadolinium oxysulphide (GOS) based sensor for its ability to monitor individual micro-pulses of radiation with a high temporal resolution. The results indicate the superior response of the YAG based sensor, due to its fast decay time, (70 ns). Having established its superior temporal response compared to the GOS material the YAG material was also compared against a commercially available scintillating optical fibre (BCF 12) . A number of repeatability measurements were performed to determine the stability of the YAG based sensors, and photon yield, compared to the BCF-12 sensor. Under the same conditions, the YAG sensor demonstrates an optical signal 12 times higher than that of the BCF-12 sensor. The coefficient of variation of the YAG sensor is 0.7%, which is lower than the BCF sensor with a coefficient of variation of 1.4%. Therefore, YAG:Ce is determined to be a good candidate for the scintillator for optical fibre based dosimetry due to its high yield output, fast decay time and good stability. In the future, it is planned to measure the energy response of the water-equivalent BCF-12 based sensor compared with the YAG and GOS based sensor. The sensor will also be evaluated for its temperature and dose rate dependence. Dose rate in external beam radiotherapy is typically controlled by the pulse repetition frequency and so given the high temporal resolution of the sensor system, it is expected to be able to monitor radiation dose independent of dose rate. Scintillating detectors often have reported temperature dependence (e.g., BCF-12 exhibits 0.09% decrease in measured dose per°C [23] ). YAG:Ce has a reported temperature dependence of −0.035%/°C [24] and so it is important that the overall YAG:Ce sensor system is analyzed in future work with respect to determining its temperature dependence. Due to the limitation of the recording duration in the current set-up, it is not suitable for monitoring the micro-pulses for the entire duration of the beam delivery. However, ongoing work by the authors of this article is focusing on developing a dedicated silicon photomultiplier detector that will allow for continuous monitoring with high temporal resolution. On completion of the M.Sc. degree, he was the Calibrations Coordinator with Perfecseal, Ltd., Derry City. In 2008, he joined the medical physics team at the Galway Clinic as the responsible physicist for nuclear medicine, PET-CT, and CT. For the past several years, he has worked mainly in the area of radiation oncology and in 2014 assumed the role of Senior Physicist for this area. His research interests include flattening filter-free dosimetry, arc therapy, and radiation treatment planning. He also has a keen interest in MRI quality assurance, which he is responsible for in the Galway Clinic. His educational activities include facilitating the annual radiotherapy lectures and workshops for the NUIG M.Sc. in medical physics class, M.Sc. project supervision, and mentoring of the third year GMIT students placed in the Galway Clinic. 
